Abstract − In marine coastal environments, storms have a major morphological impact on sand beaches. This study, part of the French Programme National d'Environnement Côtier, consisted in developing and applying hydrodynamic and sedimentary models to simulate the major processes that modify sand beaches. In order to study sediment dynamics, we developed three models to simulate waves, currents and sediment transport associated with a storm event. 
INTRODUCTION
The present work focused on the impact of storms on non-cohesive sand beaches located in the NW Mediterranean coastal zone. From observations, it resulted that the major modifications of the coastline occurred during storms (Barusseau et al., 1994) . The physical processes in a sand beach were very complex. As waves moved towards the shore, the water moved along the seabed. It encountered more friction, allowing transport of sediment. When waves broke, they caused turbulence that suspended, sorted and transported sediment backwards with undertow. Much of the energy released by breaking waves drove longshore-currents and rip-currents. Some energy continued to propagate shorewards in the swash zone, where waves were reflected backwards towards the sea.
The main sedimentary processes, modifying sand beaches morphology during a storm, are well described in the literature (Ottamn, 1965; Ingle, 1966; Zenkovitch, 1967; King, 1972; Barusseau et al., 1991 Barusseau et al., , 1994 Blanc and Poydenot, 1993) . The evolution of the topographic profile resulted both from a cross-shore movement and a longshore movement. Hence, we observed a recession of the shoreline, a sand bar movement, and a levelling in the submarine beach topography.
Thus, to simulate these complex processes occurring nearshore, a coupled system of numerical models was developed (figure 1). Three models, a wave propagation model, a wave-induced current model and a sediment dynamics model, were integrated. The wave model was a Mild Slope Equation model based on the parabolic approximation of the refraction-diffraction equation of Berkhoff (1972 Berkhoff ( , 1976 ). The hydrodynamic model solved the equations of Navier Stokes incorporating terms of radiation stresses induced by waves (Longuet-Higgins, 1970) . The radiation stress was the excess of momentum flux due to wave propagation, which drove wave-induced currents such as longshore and rip-currents. Martinez and Harbaugh developed the sedimentary model SEDSIM (Martinez and Harbaugh, 1993) . It computed from empirical formulations the transport, the sorting, the erosion and the deposition of sediment.
These models were applied to a theoretical sand beach including the main typical features of the nearshore zones of the Gulf of Lions. Then, the beach presented a stable system of two quasi-continuous shore-parallel wave-formed sand bars and an orthogonal one.
MODELS DESCRIPTION

Wave model
The propagation of a monochromatic wave could be modelled with the elliptic equation of Berkhoff (1972 Berkhoff ( , 1976 :
in which C is the phase velocity (= ω/k with ω the wave angular frequency), k the wave number, φ the horizontal velocity potential and Cg the group velocity.
But, it was easier to project the main direction of wave propagation on the x-axis and to solve the parabolic equation of Berkhoff, named Mild Slope Equation:
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However, the use of the model implied some restriction on the direction of the wave propagation. Generally, the angle was less than 60°and for waves propagated from deep water to the coast with directional changes less than 90°.
Due to waves breaking -determined by the Battjes' test with breaking criterion 0.8-1.2 (Battjes, 1982) -the height of waves in surf zone was recalculated from the equation of Stive and Wind (1982) .
in which η is the surface elevation, h the depth, A the amplitude (= H/2, where H is the wave height), g the acceleration due to gravity and T the period.
An implicit Crank-Nicholson numerical scheme was developed to calculate wave propagation.
Current model
The wave model displayed the wave features as orbital and phase velocities, height, period and surface elevation, allowing the current model to solve the depth-average of Navier and Stockes' equations and to calculate the wave-induced currents from terms of radiation stress (Longuet-Higgins, 1970) .
These are equations for conservation of momentum and energy in which g fl is the mean surface elevation, U √ and V √ the mean horizontal currents, τ b the bed shear stress and τ w the wind shear stress. No wind stress was considered.
The diffusion ν ij = 0.15Hu* was isotropic, homogeneous and effective, calculated by the equation of Fisher with the shear velocity u*. The small tidal variation in sealevel and the Coriolis effects were negligible at the scale of our study.
The excess of momentum flux S i,j was calculated from a formulation of Longuet-Higgins and Stewart (1964) .
These are components of radiation stress (excess momentum flux) where n is C g /C, θ the wave angle, g the acceleration due to the gravity, q the density and H the mean height of waves.
An upwind and an alternative direction scheme were applied to calculate the current field. We had restricted the coast to an impermeable boundary and imposed Sommerfeld radiation conditions for lateral open boundaries (Sommerfeld, 1949; Miller and Thorpe, 1981) .
Sedimentary model
The sedimentary model SEDSIM was used to calculate the transport, the erosion, the sorting and the deposit of sediment.
First, the model calculated the total transport rate of sediment (Inman and Bagnold, 1963) according to the waves and the wave-induced currents.
This represents total longshore transport rate in which Q is the longshore transport rate (immersed weight), K a calibration coefficient (= 0.77), E b the wave energy density at the breaker zone, C b the group velocity at the breaker zone, α the angle of wave incidence at the breaker zone, ν l the average longshore velocity and u max the maximum orbital velocity.
Second, at each grid point, a local transport rate Q i,j was calculated in function of the local maximum orbital velocity (Horikawa, 1988) .
represents the local transport rate in which u i,j is the maximum orbital velocity at grid location (i,j) and u tot the sum of maximum orbital velocity.
Third, the conservation of sediment determined the amount of sediment available to be moved. These thickness of the upper sediment cell (i,j) is the active layer thickness ∆z. It changed during simulation to:
The variation of the thickness ∆z was calculated from the local transport rate Q i,j the size of the grid-cell (∆x ∆y) and the time step ∆t.
Fourth, the sorting was calculated from different transport efficiencies determined from respective turbulence effects, fall velocity, critical shear stress and bottom shear stress of different grain sizes (Slingerland and Smith, 1986; Komar, 1989; Martinez and Harbaugh, 1993) .
in which Vol is the displacement volume, ks a type of grain and ε ks the relative capacity of transport of each grain size.
Finally, after being transported by wave-induced currents, the sediment was deposited on the upper sediment cell.
Numerical methods
Four grids were used in this work (figure 2). Three two-dimensional grids in (x, y)-space represented the bathymetry, the current field and the sediment transport. A three-dimensional grid in (x, y, θ)-space computed the wave field. Each grid could have different resolution and orientation in (x, y)-space as long as the current grid was covered by the wave grid. The values of ∆x and ∆y were based on the numerical stability criterion of CourantFriedrichs-Levy (CFL) described by Vreugdenhil (1989) .
represents the CFL criterion in which g is the acceleration of gravity and h the depth in deep water.
The very high spatial resolution required in coastal areas would demand too many computer capabilities. For reasons of efficiency, the computations were made on regular grids.
To assess the behaviour of the models in regard to hydrodynamics problems, they were applied to a rather basic idealised situation for which the results could be compared with information in the literature (test on a circular bay from the French Laboratoire National d'Hydraulique). These results were deemed satisfying.
SIMULATION CONDITIONS
To test the models in relatively realistic geophysical conditions, the models were applied to a stable system of quasi-continuous shore-parallel wave-formed sand bars. This type of area was chosen because it is a common type of beach in the nearshore zone of the Gulf of Lions.
The model results could be also compared with the results of a well-documented field. The shape, the number, and the degree of stability of the sand-bars is variable along the coast, following its local exposure to the dominant waves, the proximity of headlands, the slope and grain-size equilibrium, the volume of sediment in movement and the presence of sea defence structures (Ingle, 1966; Zenkovitch, 1967; Barusseau and SaintGuily, 1981; Barusseau et al., 1991 Barusseau et al., , 1994 .
Initial bathymetry of the beach
We chose to test the models on an initial coastal zone (500 × 610 m) (figure 3) with two shore-parallel waveformed bars developed in the nearshore: an inner-bar at a distance of 80 m from the shoreline and an outer-bar at a distance of 200 m from the shoreline. In addition, there was another sand structure orthogonal to the shore in the middle of the computed field. This sand bar was assimilated to an oblique bar. However, in sand beaches, an orthogonal structure could be present (Barcilon and Lau, 1973) . Further, the beach was rather plane with a global slope of 1:80.
The nature of sediments was assessed from studies of sediment core samples. We imposed four grain size characteristics with a coherent spatial distribution. The amount of sediment in each point of the grid was estimated according to the gradual passage from coarse size near the coast towards fine size in deep water.
Hydrodynamics conditions
For a realistic field situation, we chose to compute for a 15-h storm event. In this work, we changed the features of waves each 4 h. In this way, the model system was run with an increase of the height and the period. The waves penetrated the area in deep water at an incidence angle of θ = 80°.
RESULTS
In figure 4 , we can see the phase angles of the major wave occurring after 12 h of storm. Indeed, the major modifications occurred with this major wave regime. We showed that when wave moved towards the shore, there was a relatively important refraction. Thus, the crest line of wave was fitted with isobaths geometry. The pattern of the wave propagation was modified on the different sand structures, and more especially on the location of the orthogonal structure.
In figure 5 , arrows show the wave-induced currents for the previous wave regime superimposed on initial bathymetry. The currents were more intense in the surf zone. A shore parallel movement was settled in the inner-interbar. However, this wave-generated longshorecurrent was limited to the right of the computational grid. The presence of the orthogonal structure divided the currents and in this way created disturbance and different cells of secondary circulation.
As a result of sediment transport, it is interesting to examine where the zones of deposit and transport are located. In figure 6 , dashed lines show erosion and solid lines show deposition of sediment. The coastline and the inner-bar were in erosion. Moreover, the intensive bottom erosion occurred mainly in front of the outer-bar and the orthogonal structure submitted to the waves. There was erosion, transport and deposit behind the outer-bar and the orthogonal structure. But usually, an erosional trend could be observed.
So after these modifications, the bathymetry after 15 h of simulation was considerably reshaped (figure 7). The coastline receded on more than 20 m. The inner-bar, the outer-bar and the orthogonal structure were levelled and moved shorewards, in the direction of the wave propagation. Two sand bars remained but a tendency towards a single bar profile seemed to begin. 
CONCLUSION
The wave propagation towards the coast released energy that created longshore-currents and rip-currents. The corresponding sediment movement induced a net longshore sediment transport, a recession of the shoreline, and a sand bar movement. The overall wave-energy distributions induced a topographic feed-back effect complicating the sediment movement patterns. The transport directions inferred from the morphological evolution.
In a qualitative view, the results of this study were in good agreement with the morphological changes, observed in the literature after a storm on a beach with wave-formed sand bars (Ingle, 1966; Ottamn, 1965; Zenkovitch, 1967; King, 1972; Barusseau et al., 1991 Barusseau et al., , 1994 Blanc and Poydenot, 1993) .
The model tried to simulate the real phenomena occurring in a beach. Sedimentary models seemed to give goods results at a large scale (Kim et al., 1997; Lou and Ridd, 1997; Zhang et al., 1998) . The sand bar formation and theirs movements in the nearshore zone, described by Barusseau and coworkers (Barusseau and Saint-Guily, 1981; Barusseau et al., 1991 Barusseau et al., , 1994 , could even be simulated (Boczar-Karakiewicz and Davidson-Arnott, 1987; Mei and Liu, 1993) . In this way, we observed that the inner-bars were levelled, and the outer-bars moved towards the sea. In this study, the sedimentary movement toward the sea did not exist. However, we noticed an accumulation of sand offshore, out of the valid numerical grid.
The formation of sand bars (Boczar-Karakiewicz and Davidson-Arnott, 1987) could be caused by breaking waves (Komar, 1976; Barusseau et al., 1994) or by infragravity waves. In this study, the coupled system of numerical models did not compute the infragravity waves. But considering the results, these models were very encouraging. We could imagine as did Wright et al. (1991) that incident waves cause shoreward transport whereas the interactions of incident waves with infragravity waves cause seaward transport.
The presented models may be powerful tools for studying beach modifications, predicting the main tendencies and estimating the optimal features of coastal builds. The next step is the validation of the model. We will apply the model to a realistic field like the Beach of Sète studied in the PNEC.
